This paper presents findings from an instrumental study of Voice Onset Time (VOT) production in 3 English-Arabic bilingual children and 3 monolingual controls from each language. The subjects were all aged between 5 and 10, and the recordings were made in England and Lebanon. The aim was to find out whether bilinguals acquire separate VOT patterns for each language and whether these patterns are parallel to the monolingual ones. Results showed that the 3 bilinguals did acquire distinct VOT patterns for each language, but the patterns did not always resemble monolingual ones. The main affected feature was voicing lead in Arabic, as it was often replaced with short lag. However, similar behaviour was found in the young monolingual children, which helped interpret some of the bilingual patterns in terms of normal developmental features rather than resorting to the usual explanations based on 'language interference'. Results from both monolinguals and bilinguals showed that the differences between the two languages are finer than the three VOT categories suggest, particularly with respect to short lag. Finally developmental changes for two of the bilingual subjects over a period of 18 months revealed the importance of an interrelation between input and age for the acquisition of two independent phonological systems.
Introduction
Voicing contrast in stops has been a major topic in phonology and phonetics over the last few decades. Several types of voicing contrasts have been recognised, including the most common binary opposition, that between VOICED and VOICELESS 1 stops. VOT is a term that was coined by Lisker and & Abramson (1964) in their classic cross-linguistic study of voicing in initial stops in eleven languages. They defined VOT as 'the time interval between the burst that marks release of the stop closure and the onset of quasi-periodicity that reflects laryngeal vibration ' (p.422) . The authors conducted their experiment in order to test how well VOT serves to separate the stop categories in a number of languages. The measure of VOT was found to be highly effective in separating phonemic categories in the languages examined, although the languages differ in the number of phonological categories and in the phonetic features assigned to them.
Since Lisker and Abramson's pioneering study, a considerable number of investigations have taken place to confirm the generality of the use of VOT as an important acoustic parameter in the production and perception of homorganic stops in many languages (e.g. Cho & Ladefoged, 1999; Flege & Port, 1981; Jesry, 1996; Keating, Linker, & Huffman, 1983; Klatt, 1975; Lisker, 1975; Radwan, 1996; Smith, 1979; Stevens & Klatt, 1974; Yeni-Komshian, Caramazza, & Preston, 1977 ). An important outcome of these studies is that there is considerable language-specific variation with respect to VOT. However, a number of these studies have also shown that there are other equally important acoustic cues that play a role in distinguishing pairs of homorganic stops, such as articulatory force (fortis/lenis), burst intensity, rate and duration of formant transition, and F1 frequencies in following vowels. Still, VOT patterns occur systematically in speakers' performance rather than being unpredictable and constitute a crucial part of what speakers acquire from their community. In this study, Cho and Ladefoged's (1999) VOT definition will be adopted due to the active role it is given in terms of the voluntary initiation of gestures by speakers for the realisation of a particular timing for vocal fold vibration. VOT is defined as 'the time between the initiation of the articulatory gesture responsible for the release of a closure and the initiation of the laryngeal gesture responsible for vocal fold vibration ' (1999: 225) .
English and Arabic VOT patterns
While both English and Arabic fall into the two-category group of languages in terms of the number of stop categories they contain (Lisker & Abramson, 1964: 388) , the two languages vary in their VOT patterns. For instance, in English there need not be any vocal cord vibration during the production of either of the pairs /é Ä/, /í Ç/, /â Ö/. However, /é í â/ tend to be aspirated, while /Ä Ç Ö/ are mainly unaspirated and sometimes voiced. Thus, cues for voicing for word-initial stops can be obtained not from the presence or absence of glottal pulsing during the production of the stops, but from the timing differences between glottal and supraglottal events (Brown, 1977: 30; Ladefoged & Maddieson, 1996: 50; Lisker & Abramson, 1971: 767; Weismer, 1980: 428) . Arabic, on the other hand, follows a binary system of presence or absence of glottal pulsing during the closure period of the stop (e.g. Flege & Port, 1981: 126; Jesry, 1996; Radwan, 1996; Yeni-Komshian, Caramazza & Preston, 1977: 35) . Figure  1 gives a general (and simplified) view of the places English and Arabic stops occupy along the VOT continuum. Deuchar & Clark, 1995: 25) .
English stops
Ä Ç Ö é í â -+ ____________________________|____________________________________ lead voicing 0 short lag long lag
Arabic stops
-Ä Ç Ö é í â + ____________________________|____________________________________ lead voicing 0 short lag long lag
As can be noted from the diagram, the VOT range for Arabic VOICELESS stops falls nearly within the range of VOICED stops in English, while VOICED Arabic stops and VOICELESS English ones are each at an extreme end of the continuum.
The VOT patterns presented in figure 1 constitute one aspect of the way voicing patterns in word-initial stops differ in English and Arabic. There are of course other important physiological and acoustic cues that are specific to each language and that play an important role not only in differentiating between VOICED and VOICELESS stops in each language, but also in providing the necessary detail for the native acquisition of the stops. These include the place of articulation of the stops, allophonic variation (context-and accent-specific), and other important acoustic cues (burst intensity, spectral shape, and formant frequencies in the following vowel). Still, the assumption adopted in many cross-linguistic studies is that VOICED and VOICELESS segments in languages such as English and Arabic have a similar function at the underlying phonological or gestural level, and differ at the acoustic level in the phonetic categories which implement the phonological contrast. As a result of that many studies on bilingual acquisition have set out to examine how bilingual children manage to override such 'similarity' and to learn the languagespecific phonetic details for each of their languages.
Bilingual studies
Several investigations into the phonological acquisition of bilingual children have compared the production and/or perception of VOT in the subjects' languages, especially where the two languages differ in their exploitation of the VOT continuum, as in English and French (Caramazza, Yeni-Komshian, Zurif, & Carbone, 1973; Cutler, Mehler, Nirris, & Segui, 1989; Elman, Diehl, & Buchwald, 1977; Hazan & Boulakia, 1993; Watson, 1991; 1995) , English and Spanish (Bond, Eddey, & Bermejo, 1980; Deuchar & Clark, 1995; Flege & Eefting, 1987; Konefal & Fokes, 1981) , or English and Portuguese (Rocca & Marcelino, 1999) . The aim of most studies is to establish whether bilinguals develop separate codes for their languages or whether they use a common code, usually that of the language they have had exposure to the most. Factors that are considered to influence acquisition include country of residence, language of greater exposure, age and order of acquisition of each language, and language dominance (degree of bilingualism).
The general consensus is that bilinguals are able to adapt their production mechanisms according to the systems of each language, but that signs of 'interlanguage interference' 2 are inevitable, usually from the strong or dominant language to the weaker. Successful acquisition of the VOT patterns that are specific to each language is prime evidence of the voluntary initiation of gestures by bilingual speakers for the realisation of a particular timing for vocal fold vibration depending on the language being used. There are, however, differences in opinion with regards to the initial acquisition of the contrast in each language, due to the original debate over the one-system/two-system hypotheses.
Child studies
Reports on child VOT patterns in Arabic are non-existent, while English ones include Foulkes, Docherty, and Watt (1999) , Kewley-Port & Preston (1974) , Macken & Barton (1981) , Simon (1976) , Smith (1979 ), Snow (1997 ), Stoel-Gammon & Buder (1999 , and Zlatin & Koenigsknecht (1976) . The usual development seems to be for all stops to be initially produced in the short lag range during the early acquisition stages. By 24 months, VOT distinctions usually start to emerge, and the production is extended to the long lag and long lead ranges. Children are also known to produce VOT with longer duration and more variability than adults do. Adult-like consistency is usually achieved when reductions in the duration of speech sounds and in variability gradually take place as children become older until approximately 10-12 years of age 3 . However, the age of acquisition of adult-like patterns varies according to languages. Several studies have now shown that children who acquire languages that contrast short lag with long lag master the adult pattern earlier than children who acquire languages that contrast voicing lead with short lag (Allen, 1985; Konefal & Fokes, 1981; Macken & Barton, 1980) . The late acquisition of voicing lead may be due to the complexity of the articulatory gestures involved in its production, mainly the difficulty of co-ordination of laryngeal control with a particular supra-laryngeal articulatory gesture (Kewly-Port & Preston, 1974: 195) .
English-Arabic studies
There are no studies on VOT in English-Arabic bilingual subjects, but a few studies have examined VOT in the production of English as a second language by adult Arabic speakers (Flege, 1980 , Flege & Port, 1981 Port & Mitleb, 1983) . The authors suggest that adult learners 'carry over' Arabic phonetic features of the stop voicing contrast onto their English stop production. However, the more experienced learners seem capable of approximating phonetic norms of English, although the performance varies greatly between-and within-individuals. The authors maintain that the behaviour of second language learners shares similarities with child firstlanguage acquisition, mainly with respect to the exaggeration of certain phonetic dimensions found in the adult target and the gradual approximation of new phonetic dimensions.
Experiment 6.1 Aims of the experiment
There are few instrumental studies with data on the phonetic/phonological basis of VOT patterns in Arabic in general, and none on the Lebanese dialect in particular. The only data available on VOT in Lebanese Arabic comes from the study conducted by Yeni-Komshian et al (1977) , who used testing material taken from Classical Arabic. Apart from this study, no research has been done on the VOT production of Lebanese adults or children.
In this study, I am interested in examining the extent to which children exposed to two languages can establish phonetically/phonologically distinct VOT patterns for each language and how these are reflected in their production. The experiment is triggered by the following questions: 1 Do English-Arabic bilinguals acquire separate VOT patterns for each of their languages? 2 Are their patterns of production in each language similar to those of the monolingual controls in the study? 3 Are the patterns for the monolingual subjects in this study similar to the ones normally described in the literature and therefore expected for each language?
4 Are there signs of influence from one language onto the other in the bilinguals' production and what are the factors that affect such influence?
The subjects
Three English-Arabic bilingual children and three monolingual children from each language were recorded for this experiment. There were three age groups consisting of one bilingual and one monolingual subject from each language in each group. All the subjects in a given group were of the same age and sex. The bilingual subjects are all children of Lebanese families who live in Yorkshire, England. Mazen and Mohammed (table 1) are brothers. Though all parents are native speakers of Arabic, the three bilingual children are English-dominant 4 . The monolingual English subjects are close friends of the bilinguals who live in the same area, while the monolingual Arabic subjects were chosen from the same district as the bilinguals' parents in the Lebanon. This arrangement was made in order to control for dialectal differences in VOT production as much as possible. 
Procedure
Data elicitation took place in near-naturalistic conditions. The tape-recording sessions were designed around picture-naming games. A Tascam DA-P1 DAT recorder was used during all sessions, with Transtec external microphones clipped to the subjects' clothes near the larynx. For each language, /Ä Ç Ö/ and /é í â/ 5 were analysed in isolated words in word-initial prevocalic position. All the target words were digitised onto a PC running the Sensimetrics SpeechStation 2 software. Wideband spectrograms and waveforms were made of all the words.
Around 200 tokens were measured and analysed for each bilingual child, and around 100 tokens for each monolingual child. First, auditory analysis was made for each token to determine the identity of the stop and whether it was heard as voiceless or voiced. Then, binary judgement of the presence or absence of glottal pulsing during stop closure was made for each of the target stops using instrumental analysis. For voiceless stops, VOT was measured from the beginning of the release burst to the point at which the waveform departs from the baseline in forming the first periodic cycle. For pre-voiced stops, VOT was measured from the onset of the first periodic cycle in the closure period to the beginning of the release burst. Mean VOT and standard deviations were calculated for the consonants in each language and for each subject. The results were then compared and interpreted in terms of the subjects' sociolinguistic background, mainly their age, language input, use, and dominance. The two bilingual brothers Mazen and Mohammed were followed up over a period of 18 months, and the changes in their VOT patterns were noted and interpreted in terms of relevant developmental and social changes.
Results

Overall results for the monolingual subjects
Figures 2 and 3 show the mean VOT values for each of the English and Arabic monolingual subjects. In English, the three subjects produce their stops according to the expected short lag/ long lag pattern. Detailed results (section 7.3) show a gradual progression towards adult models in that the VOT values for the stops become shorter and less variable with age. Andrew (10) has the smallest standard deviations for the means of all his stops, whereas Frances (5) has the highest standard deviations and ranges of VOT values. Also, William (7) and Andrew (10) produce VOT values that increase as the place of articulation moves further back in the mouth while Frances (5) has higher VOT values for /í/ than for /â/. Individual differences that are not necessarily related to age include the fact that William (7) has high VOT values for all his VOICELESS stops, possibly due to the fact that his rate of speech was noticed to be slower than that of the other two subjects. In Arabic, there are also signs of gradual progression towards adult values in that Khodr (10) is the only subject who has acquired full voicing lead for all his VOICED stops and short lag for his VOICELESS stops. Moreover, VOT for his VOICELESS stops increases as the place of articulation for the stop moves further back in the mouth, while the opposite pattern applies to his VOICED stops. Finally, his VOT values are on the whole less variable than those of the two younger subjects (section 7.3). Jad (7) and Sarah (5) have wider VOT ranges and show incomplete acquisition of the voicing lead, as some of their VOICED stops are produced with a short lag. Note, however, that /Ö/ is the only stop for which Jad still has not acquired a voicing lead production, while Sarah still needs to acquire voicing lead for /Ö/ and /Ç/. Moreover, Sarah shows incomplete acquisition of the patterns for the VOICELESS stops as well, as some of her productions are aspirated. These observations are important for a better interpretation of the patterns produced by the bilingual subjects. Finally, the values obtained for the VOICELESS stops by the three subjects are generally higher than those obtained by the monolingual English subjects for their VOICED stops, which suggests that the two groups of stops occupy different ranges along the VOT continuum.
Overall results for the bilingual subjects
In English (figure 4), the results for each individual bilingual subject show expected patterns that are similar to monolingual ones. The VOICELESS stops are aspirated and the VOICED stops are produced with a short lag. Moreover, the measurements for /Ö/ and /é/ generally fit within the expected VOT continuum for English stops, which proves that the subjects have successfully acquired them though they are in principle absent from the inventory of Lebanese stops. Similarly to the monolingual groups, there are signs of gradual progression towards the adult model in Sarah (5) Jad (7) Khodr (10) VOT ( that Mohammed (10) has the most stable values for his VOT production with narrower ranges than those of the younger two subjects. Individual differences include the fact that Maguy (5) has particularly long VOT values for her VOICELESS stops. This may be due to her young age, but may also be an idiosyncratic speech pattern. Like Frances (5), the mean value for Maguy's VOICELESS alveolar stops is higher than that of the velar ones. Such results are similar to ones that were found in other studies (e.g. Docherty, 1992; Yeni-Komshian et al, 1977) , which puts into question the universality of the place of articulation effect that is generally argued for in the literature 6 (e.g. Kent & Read, 1992: 114; Laver, 1994: 352) . Other individual differences can be found in Mazen's (7) results, as he generally has short VOT values compared to the other two bilingual subjects and is the only subject to produce a few of his VOICED English stops with glottal pulsing during the closure period. With regards to his short VOT values, this may be due to the fact that Mazen's speech rate is noticeably faster than that of the other subjects. As for the glottal pulsing in his VOICED stops, this should not be surprising since VOICED stops in English are known to have two possible realisations (voiced and voiceless unaspirated). Not surprisingly, the stops that were produced with voicing are bilabial or alveolar only (cf. section 7.3).
Figures 4: Mean VOT values for the bilingual subjects in English
While results for the monolingual Arabic children show gradual progression towards adult patterns (figure 3), the results for the bilinguals in Arabic (figure 5) do not. Mazen (7) is the only subject who has acquired the voicing lead associated with Arabic VOICED stops. Mohamed (10) and Maguy (5), on the other hand, produce their VOICED stops with short lag. As for the VOICELESS stops, Mohamed (10) and Mazen (7) seem to have acquired the short lag production expected for Arabic /é í â/, but Maguy (5) produces most of her stops with aspiration. However, it is important to 6 Though the effect still applies to labial and velar stops. note that her high VOT values may also be due to her young age (note the aspiration found in Sarah's (5) VOICELESS stops as well). More importantly, the difference between her English and Arabic VOICELESS stops is significant for three places of articulation (see section 7.3). Finally, the three bilingual subjects produce higher VOT values for their VOICELESS stops in Arabic than their VOICED stops in English, which parallels the difference found between the monolingual English and Arabic subjects. Such an observation requires a finer division of the short lag region when describing the stops in each language.
Figure 5: Mean VOT values for the bilingual subjects in Arabic.
Comparing English and Arabic VOT
In this section, the bilinguals' VOT production in the two languages is examined in more detail in order to establish whether the patterns adopted by each child and for each language are similar or different. The results are presented in increasing age order. The patterns for the monolingual subjects are also presented in each age group in order to allow for better interpretation of the results.
Age group 5
In table 2 Maguy's VOT patterns in English and Arabic are presented against each other, and against the patterns of the two monolingual subjects of the same age. Looking at Maguy's results first, one can see that the VOICELESS stops in both languages are aspirated in her production. Still, Mann-Whitney and T-tests (the choice of test depended on the number of tokens in any two distributions) show a statistical significance between the distributions of the VOT values in the two languages (results significant at p = 0.0067 for /é/, p = 0.046 for /í/, and p = 0.0018 for /â/). Moreover, the distribution of the VOT values in the two languages reveals that Maguy's VOICELESS stops in Arabic are produced with a VOT as low as 9ms and are mainly concentrated in the region of 29 to 94 ms, with only a few tokens extending over a -150 -100 -50 0 50 100
Maguy (5) Mazen (7) Moh (10) VOT ( 137ms) , and values that are as low as 0ms produced only by Sarah. The distributions of VOICELESS stops for the two monolingual girls are significantly different (Mann-Whitney and T-tests significant at p = 0.0067 for /é/, p = 0.00019 for /í/, and p = 0.0018 for /â/). As for the VOICED stops, Maguy uses short lag in both languages with considerable overlap between the values for /Ä/ and /Ç/. The only VOICED stop that is produced with different VOT ranges in each language is /Ö/, with a VOT of 0ms for all tokens produced in Arabic while the English tokens range between 0 and 36ms. The difference between the values for /Ö/ in the two languages is significant at p = 0.00037, while the distributions for /Ä/ and /Ç/ show no significant difference between English and Arabic. The monolingual girls also show some overlap in their production of VOICED stops, especially for /Ç/. Sarah still has not acquired voicing lead for /Ç/ and /Ö/, and produces them with short lag values that are similar to those produced by Frances. However, Sarah shows signs of acquisition of the voicing lead for /Ä/, with most of her values being produced in the long lead region. The difference between the values for /Ä/ produced by the two monolingual girls is significant at p = 0.0005. Such results show a normal developmental pattern for Sarah, due to the fact that she is gradually acquiring voicing lead and starting with the place of articulation where it is easier to produce. Maguy, however, still does not show signs of acquisition of a voicing lead at any place of articulation. In sum, Maguy's VOT patterns for VOICELESS stops in English and Arabic are significantly different from each other, but her patterns for VOICED stops in the two languages show considerable overlap and are not significantly different. In English, her VOT production follows the expected pattern of short lag/ long lag, with particularly high values for the VOICELESS stops. In Arabic, however, her production does not follow the expected long lead/ short lag pattern. Her VOICELESS stops are mainly aspirated, while her VOICED stops are produced with a short lag. However, there are two important things to consider before attributing those results to the fact that Maguy is bilingual. With regards to her use of short lag for her VOICED stops in Arabic, note that Sarah, the monolingual Arabic subject, shows similar patterns and has not acquired voicing lead for all her stops. This is most likely due to the subjects' young age and the difficulties related to the production of voicing lead that will be discussed later. As for Maguy's use of aspiration for her VOICELESS stops in Arabic, note that her VOT values are particularly high even in English, may be due to the fact that children usually produce longer VOT than adults.
Age group 7
In table 3 Mazen's VOT patterns in English and Arabic are presented against each other, and against the patterns of the two monolingual subjects of the same age. Looking at Mazens's results first, one can see that, unlike the other two bilingual subjects, there is a difference between the VOT values for both his VOICELESS and VOICED stops in English and Arabic. The difference between the English and the Arabic VOICELESS stops is significant at p = 0.003 for /í/ (T-test) and p = 0.0215 for /â/ (Mann-Whitney), and the difference between the English and the Arabic VOICED stops is significant at p = 0.0406 for /Ä/ and p = 0.0012 for /Ç/ (Mann-Whitney). In English, Mazen's VOICELESS stops are aspirated (though not as highly as any of the stops produced by the other bilingual and monolingual children), while his VOICED stops range between short lag and long lead. Mazen is the only subject in this study who uses two distinct patterns for VOICED stops in English: the prevoiced tokens have VOT values that range between -98 and -12 ms, while the short lag tokens have VOT values that range between 0 and 28ms. /Ä/ is the stop that is prevoiced the most, followed by /Ç/, while all the /Ö/ tokens are produced with short lag. Such a pattern is expected due to the increase of intra-oral pressure near the glottis, causing difficulty in maintaining voicing for /Ö/. However, what is particular about Mazen's stops is that 5 out of the 8 prevoiced tokens are accompanied with an auditory perception of a homorganic nasal (e.g. /ãÄ/ or /åÇ/. Spectrographic analysis of these tokens shows formant-like features preceding the release burst (spectrograms 1 and 2).
In Arabic, no /é/ tokens are available for analysis, but the other two VOICELESS stops /í/ and /â/ are produced mainly with short lag, with values ranging between 0 and 68ms. As for the Arabic VOICED stops, they are mainly produced with voicing lead, though a few /Ä/ tokens have a value of 0ms. Most of the tokens are produced in the region of -160 and -40ms, with a few tokens between -40 and 0ms. Similarly to English, 11 out of Mazen's 24 prevoiced Arabic tokens are accompanied with an auditory perception of a nasal. Spectrographic analysis shows clearer traces of formant structure preceding the stops than in the English tokens (spectrograms 3 and 4). The only other subject who produces similar features is the five-year-old Sarah, but for 2 out of her 10 prevoiced tokens only. Looking at the patterns of the monolingual seven-year-olds, one can see that the difference between the VOICELESS stops produced in English by William and in Arabic by Jad is more significant than the one found between Mazen's production in each language. Mann-Whitney and T-tests comparing William and Jad's VOICELESS stops were highly significant at p = 0.0003 for /é/, p << 0.0001 for /í/, and p << 0.0001 for /â/). However, such a stark difference may due to the fact that William's VOT values are higher than those of any of the other bilingual and monolingual subjects, probably due to his slow speech rate. The same observation applies to his VOICED stops, which, although produced in the short lag region, exhibit values that are higher than those of the other children. Jad's VOT means for the VOICELESS stops are very similar to those of Mazen's in Arabic, though Jad's distribution is less varied and concentrated in a smaller range than that of Mazen. The same can be said regarding Mazen and Jad's distributions for VOICED stops, apart from the fact that Jad's prevoiced tokens do not show any of the peculiarities found in Mazen's production. Moreover, Jad produced all his /Ö/ tokens in the short lag period though he has acquired voicing lead for /Ä/ and /Ç/. Apart from the aerodynamic reasons behind the difficulty of maintaining voicing for a velar articulation, a closer look at the /Ö/ tokens produced by Jad reveals that they are loan words from French.
In sum, Mazen's VOT patterns in English and Arabic are significantly different for both VOICED and VOICELESS stops. In English, he uses long lag for VOICELESS stops and both long lead and short lag for his VOICED stops. In Arabic, he uses short lag for his VOICELESS stops, and mainly long lead for his VOICED stops, but his prevoiced tokens have auditory and spectrographic features that are not found in the production of the other subjects. Still, Mohammed's production in English and Arabic conforms with the expected long lag/ short lag patterns, and the difference between his VOT for VOICELESS stops in the two languages is significant (Mann-Whitney and T-tests significant at p = 0.0081 for /é/, p = 0.0001 for /í/, and p = 0.0084 for /â/). As for the VOICED stops, Mohammed's VOT patterns in English are similar to those of Andrew, but his VOT production in Arabic does not conform with the expected long lead pattern. Apart from 3 prevoiced /Ä/ tokens, Mohammed produced all the other Arabic VOICED stops with a short lag or with simultaneous voicing at the release burst. When VOT patterns for VOICED stops in the two languages are compared, only /Ä/ production is significantly different in the two languages (T-tests results significant at p = 0.005) whereas there is no significant difference between the production of /Ç/ in the two languages. No comparison can be made for /Ö/ because only one token was available for analysis in Arabic. Khodr, on the other hand, produced all his Arabic VOICED stops with a voicing lead apart from one /Ç/ and two /Ö/ tokens. Moreover, the values he produced are on the whole less varied and closer to adult values than those of Mohammed. In sum, Mohammed produces VOT values that are more stable than those produced by the two younger bilingual subjects in this study. His VOT patterns show closer resemblance to the monolingual children of his age and to the expected adult patterns in each language. However, the only pattern he has not acquired yet is voicing lead for his VOICED stops in Arabic, and it is surprising that Mazen, the bilingual seven-year-old, is the only subject who shows signs of acquisition of the voicing lead. Possible reasons for the difference in the speech behaviour of the two brothers will be discussed the following section.
Developmental changes for Mazen (7) and Mohammed (10)
In order to understand the differences in the production of Arabic VOICED stops by the two bilingual brothers, it is important to find out how each of the patterns emerged in the production of each child and what factors affected their acquisition. A real-time study over a period of 18 months made data collected from the two brothers available for analysis and comparison. At the time of the first set of recordings, only /Ä Ç/ and /í â/ tokens were collected for Arabic, but the VOT patterns obtained then offer the opportunity to trace the development of VOT patterns in the two subjects. Looking at Mazen's developmental changes in English first, one can see that the VOT values for his VOICELESS stops have slightly been reduced since 1998, but that more reduction has affected his VOICED stops. It is interesting to note from the distribution in table 5 that Mazen had already started using two patterns for his VOICED stops in English (voicing lead and short lag) since the early recordings in 1998. The VOT changes in English are not very surprising considering the fact that younger children normally produce high VOT values that are later reduced with age. There is no significant difference between Mazen's English /é í â/ values in 1998 and 2000. A similar reduction is noted in Mazen's VOT measures for his VOICELESS stops in Arabic. While his stops were slightly aspirated in 1998, they are now Arabic produced with short lag and are therefore becoming closer to the expected adult values. Unlike the results for English, there is a significant difference between Mazen's Arabic /â/ values in 1998 and 2000 (Mann-Whitney tests significant at p = 0.0428). Moreover, while only /í/s were significantly different in English and Arabic for Mazen in 1998 (results significant at p = 0.05), there was no significant difference between the measures for his English and Arabic /k/s. In the recent recordings, however, VOT values for both /í/s and /k/s are significantly different in the two languages (cf. section 7.3). Still, the most surprising result for Mazen is the difference in the VOT patterns for his VOICED stops between the two recordings. While in 1998 Mazens' /Ä Ç/ production in Arabic fell mainly in the short lag region and resembled the patterns currently observed for Maguy and Mohammed, his production seems to have changed drastically by the time of the second recording. Most of his VOICED stops are now produced with a voicing lead, which is the pattern that is expected for Arabic but that is usually difficult to acquire. Mann-Whitney tests show significant difference between Mazen's VOT values for VOICED stops in 1998 and 2000 (results significant at p = 0.0042 /Ä/ and p = 0.0369 for /Ç/). Looking at Mohammed's developmental changes in English first (figure 7), one can see that, like Mazen, the VOT values for both his VOICED and VOICELESS stops have generally been reduced, though to a lesser extent in Mohammed's case and not for all the stops. There is actually no significant difference in Mohammed's English VOT production between 1998 and 2000. Such a difference between the changes for the two brothers is expected considering the fact that VOT patterns for the younger subject will be developing faster and greater while the older subject will have developed more stable patterns that are closer to the adult model. In fact, Mohammed's VOT for VOICELESS stops was significantly different between the two languages since the early recordings in 1998 (T-test results significant at p = 0.025 for /â/ and p = 0.01 for /í/), while Mazen only achieved that in the later recordings in 2000. However, the same cannot be said about Mohammed's VOT development in Arabic, since his VOT patterns for the VOICED stops are still predominantly produced with short lag and do not resemble the adult model. Note that, like in English, Mohammed's VOT values in Arabic have dropped for both VOICED and VOICELESS stops but not significantly. Also, while the values for VOICELESS stops are now closer to the expected short lag pattern, the ones for VOICED stops have only been slightly reduced. Possible interpretations for the speech behaviour of the two brothers will be attempted in the discussion section. 
Summary of results
On the whole, the three groups of children produce VOT patterns that are expected for each language and at different age levels. However, the general results that are obtained for each language group (monolingual English, monolingual Arabic, bilingual English, bilingual Arabic) conceal important individual differences that do not conform to the more general patterns, especially for the bilingual subjects.
In English, the monolingual and bilingual children produce their VOICELESS stops with long lag, and their VOICED stops with short lag, and VOT increases as the place of articulation moves further back in the mouth. Though there was a general overlap between the categories for VOICED and VOICELESS stops by all the subjects, it is interesting to note that there is little overlap when the VOT values for homorganic stops are compared. The measurements for the two youngest children (Frances and Maguy) do not show any overlap (cf. table 2), while those of the four older subjects show little overlap for each child (tables 3 and 4). On the other hand, the younger subjects (Frances and Maguy) generally produce longer average VOT than the older subjects, and exhibit greater variability in terms of wider ranges and larger standard deviations (cf. section 7.3). The older subjects (Andrew and Mohammed) have more stable VOT patterns than the younger ones, and their patterns are closest to what is known about the adult model, especially in terms of the generally shorter VOT measures and narrower ranges they use. Individual differences include the fact that some children produce particularly long VOT values (Maguy and William), while others produce particularly short ones (Mazen). Mazen is the only child in the group who uses two patterns for his VOICED stops in English, long lead and short lag. Previous studies have also found that few of their subjects produce prevoicing in English (2 out of 4 subjects in Lisker & Abramson's study (1967) and 2 out of 5 in Docherty's study (1992) ). This suggests that short lag is more common than voicing lead for word-initial VOICED stops in English and that voicing lead tends to be used by some but not all speakers. Mazen's prevoiced stops are also accompanied by features that are characteristic of nasal sounds. Similar patterns were found by Macken & Barton (1980) , whose monolingual Spanish subjects produced continuants for their Spanish VOICED stops, and Allen (1985) , whose monolingual French subjects preceded French VOICED targets with a nasal or a vowel segment that permitted continuous voicing. In all three studies, the subjects must be choosing an articulation that does not involve a complete obstruction of the airstream in order for them to prolong the voicing articulation.
In Arabic, only one out of the three bilingual subjects seems to have acquired the pattern for both VOICED and VOICELESS Arabic stops (Mazen, figure 5) . As a result, more overlap between the sets of homorganic pairs can be noticed in Arabic than was found in English, for monolinguals and bilinguals alike (tables 2, 3, and 4). Such an observation is important due to the implication it has on the role of VOT in distinguishing homorganic pairs in Lebanese Arabic, as well as on the role that those homorganic pairs play in Arabic (discussed later). All the subjects except Maguy have acquired the short lag required for the VOICELESS Arabic stops and produce VOT values that increase as the place of articulation moves further back in the mouth. As mentioned before, the VOT values that were found for the Arabic VOICELESS stops were generally higher than the VOT values that were found for the English VOICED stops, though both sets of stops belong to the 'short lag' category. Similarly to the patterns found in English, the younger subjects (Maguy and Sarah) generally produce longer average VOT than the older subjects, and exhibit greater variability in terms of wider ranges and larger standard deviations (cf. section 7.3). The older subjects (Khodr and Mohammed) have more stable VOT patterns than the younger ones, with generally shorter VOT measures and narrower ranges. However, only Khodr's patterns are closest to what is known about the adult model, especially with regards to the production of VOICED stops. At this point it is important to mention that even the younger monolingual subjects still have not mastered the voicing lead required for the production of Arabic VOICED stops (figure 3), with the seven-year-old Jad showing better signs of acquisition than the five-year-old Sarah.
For the bilingual subjects, however, age does not seem to be the determinant factor for the gradual acquisition of this complex feature, as the oldest subject Mohammed still uses short lag for most of his VOICED stops ( figure 6 ). An investigation into the developmental changes in VOT for the two brothers Mazen and Mohammed shows that Mazen has only recently acquired the production of voicing lead for his VOICED stops in Arabic. Data from recordings made 18 months prior to the present recordings show that Mazen had a similar pattern to Maguy and Mohammed with regards to the production of VOICED stops. An interpretation for this phenomenon will be attempted in the following section.
Discussion
An attempt will now be made to answer the four questions that triggered this experiment and that were stated in section 6.1. With respect to the issue of whether bilinguals acquire one or two separate VOT patterns for each of their languages, the results obtained from this study offer support to the second view, mainly that the three bilingual subjects have acquired different VOT pattern for their stops in English and Arabic. But while the patterns observed for all three bilingual children in English follow the adult model, the patterns in Arabic are not the same for all subjects, especially with respect to the VOICED stops. Two of the subjects use short lag for their VOICED stops in Arabic, and the only subject who does produce prevoiced tokens has only recently acquired voicing lead. The results in this study are similar to the ones found by Deuchar & Clark (1995) for their English-Spanish subject, though their study was conducted on a younger subject (age 1;7 to 2;3), and the researchers found similar VOT patterns (short lag measurements for VOICED stops) in the parents' speech. The authors predicted that a fairly adult-like model would develop at around the age of seven. Similar results were found by Konefal & Fokes (1981) , whose four-year-old subject produced her Spanish VOICED stops with short lag, while her seven-year-old sister acquired the voicing lead. However, in the present study, age does not seem to be the determinant factor for the acquisition of such complex features by the bilingual subjects, as the adult-like model has started to develop in the seven-year-old subject's patterns but not the ten-year-old one. The difference between the two brothers Mazen and Mohammed is surprising when considering the fact that the ten-year-old child might be expected to have greater command over his stop articulations and more control over glottal and supraglottal events than the seven-year-old child.
With respect to whether the patterns found for the bilingual subjects in each language were similar to those of the monolingual subjects, the answer depends on the complexity of the feature being acquired and the subjects' age. The differences between the bilinguals' VOICELESS stops in each language were significant and often as wide as the ones found between the monolinguals' patterns in each language. However, the differences between the bilinguals' VOICED stops in each language were not as great for all three subjects, and revealed incomplete acquisition of a complex feature that is gradually being acquired by the monolingual subjects.
However, it is important to be able to distinguish between features that the bilingual subjects have not acquired because of their bilingual background and those that are missing due to the fact that the language(s) of the subjects are still developing. For instance, although Maguy's VOICED stops in Arabic are produced with short lag rather than long lead, such patterns cannot be solely attributed to her English dominance due to the fact that Sarah, the monolingual five-year-old, shows more or less similar features, which leads to the third question.
The issue of whether the patterns for the monolinguals in this study are similar to the ones that are expected for each language is difficult to answer since there are few VOT studies on English-speaking children, and none on Arabic-speaking ones. An important factor that needs to be accounted for when analysing child speech is the fact that results obtained for a given child often reflect developmental patterns rather than steady-state production patterns. For instance, the results for the oldest monolingual subjects in this study (Andrew and Khodr) are the closest to what is known about VOT patterns in the subjects' respective adult communities, while the results for the younger subjects vary and show incomplete acquisition in many respects. One important outcome is the VOT pattern found for VOICED Arabic stops by the monolingual five-and seven-year-olds. Similarly to results obtained in monolingual (Allen, 1985; Macken & Burton, 1980) and bilingual studies (Deuchar & Clark, 1995; Konefal & Fokes, 1981) , results from this study show that some adult patterns develop later than others. In this case, the complexity of the articulatory gestures involved in the production of voicing lead and the difficulty of co-ordination of laryngeal control with a particular supralaryngeal articulatory gesture delay the children's acquisition of voicing lead and prevent them from mastering it at an early age (Kewley-Port & Preston, 1974: 195) . Therefore, while adult VOT patterns in English normally start appearing around the age of two, it must be kept in mind that children who acquire languages that contrast voicing lead with voicing lag might develop those patterns later than that. The fact that voicing lead develops late in monolingual speakers aids in interpreting bilingual children's patterns and in distinguishing between features that are developmental and others that are due to language interaction, which leads to answering the fourth question in this study.
Due to the adoption of principles from second language acquisition by many bilingual researchers, interpretations of the bilinguals' developing languages have often been given using terms such as 'interference' or 'transfer' to refer to the influence that one language might have on the other. From this perspective, whenever the bilinguals' production in either of their languages is compared, any 'unexpected' pattern that is not 'similar' to monolingual patterns in each language is interpreted in terms of possible influence from the other language. For instance, whenever VOT in languages such as Spanish-English and French-English is compared, the use of short lag rather than voicing lead for Spanish or French VOICED stops is attributed to interference from English. What is important to remember, however, is that the normal development pattern for VOT production is for all stops to be produced in the short lag region initially (Zlatin & Koenigsknecht, 1976) , and that the bilingual's use of short lag instead of voicing lead might be developmental rather than due to language interaction. Results from the bilingual and monolingual subjects in this study offer supporting evidence for this. There is no doubt, however, that bilingualism might hinder the acquisition of certain complex features that require early and extensive exposure if these features are lacking in the input that the bilinguals receive. For instance, while the monolingual Arabic children in this study show gradual acquisition of voicing that correlates with age, the bilingual children do not show evidence for the same. The oldest subject, Mohammed, still produces his VOICED Arabic stops with a short lag rather than voicing lead. Still, his use of short lag is not necessarily caused by an influence from English, but is possibly due to the fact that Mohammed did not receive enough input in Arabic voicing lead at an early age for him to master the complex articulatory features required for its production. Evidence lies in the change that was noticed in his brother's VOT production, which will be discussed in the next paragraph. For Mohammed, a situation of 'fossilisation', as termed by Schnitzer & Krasinski (1994) might have taken place for his production of Arabic VOICED stops due to the 'hardening' of the short lag production before the adult target was reached.
In section 7.4, developmental changes in VOT productions for Mazen and Mohammed were presented, showing a considerable change in their production in Arabic, more so for Mazen (the seven-year-old) than Mohammed (the ten-year-old). Two main events had occurred in the bilingual brothers' lives since the first recordings were made in 1998 and affected their linguistic behaviour by the time the second set of recordings was made in 2000. First, the two brothers started attending a weekend Arabic school where pupils learn reading and writing in Arabic and receive Arabic input from teachers and other pupils. Second, their parents made friends with a Lebanese family that had recently moved to a nearby city and had been socialising with them since. The outcome of these changes was an increased input in Arabic for the two brothers, which was lacking at the time of the first recording when the parents were the main source of Arabic to the children. Since such increase in Arabic input normally comprises an increase in the amount of voicing lead that might have become more salient in the brothers' environment, it must have affected Mazen's acquisition of this feature though not Mohammed's. Knowing that the two brothers have experienced the same changes in Arabic input, the uneven change in their behaviour can mainly be attributed to their age. While Mazen was still five years old when he experienced the increased input in Arabic, his brother was eight and was probably past the 'critical' age required for the acquisition of such a complex feature. This can also happen in monolingual acquisition, even when the adult model is relatively stable and readily available. For instance, in his discussion on children's acquisition of sociolinguistic features, Kerswill (1996) distinguishes between 'simple' rules, which can be acquired at different childhood stages, and 'complex' rules, which must be acquired at an early age (mainly before six) if they are to be acquired at all. While Kerswill bases his discussion of complexity on several phonologically, morphologically, and syntactically conditioned parameters, a similar measure can be developed for the acquisition of phonetic features. There are features that are simple and that can be easily acquired by the child, and others that need extensive exposure from an early age and that require mastering of the timing between glottal and supraglottal articulations. Voicing lead is one of these features, and results from the subjects in this study show that its acquisition requires a combination of adequate input and young age for the child to successfully master the complex adult model.
The notion of 'adequate input', however, is difficult to define or quantify with regards to voicing lead due to a number of factors. First, even when a bilingual child receives regular input in a language that contrasts voicing lead with voicing lag, if the parents or available models do not consistently produce long lead for VOICED stops, then this might affect the child's acquisition of this feature. Such was the case when Deuchar & Clark (1995) found that their Spanish subject's use of short lag rather than voicing lead for VOICED stops was actually not dissimilar from the mother's production. Since the magnitude of the acoustic-perceptual cues that convey the distinctions affects acquisition for the child (Davis, 1992) , the authors attributed the child's behaviour to the high amount of exposure to voicing lag in the input she received and the low occurrence of voicing lead. The same situation might apply to the subjects in the present study, if the models available to them use consistent short lag in English but inconsistent long lead/ short lag in Arabic, causing the variability to affect the children's acquisition. An analysis of the production of the subjects' parents would provide a better interpretation of the findings. Even if voicing lead were present in the input that the bilinguals receive, research shows that it is less acoustically salient than voicing lag. In a study on the perception of VOT by infants Aslin, Pisoni, Hennessy, & Perey (1981) found that acoustic information in the negative region of the VOT continuum (i.e. lead) is less salient than in the plus region (lag) for infants aged 6-12 months. Though the findings come from infants in an English-speaking environment, they add to the evidence on the difficulty in acquiring voicing lead. In another study examining devoicing of Punjabi stops by young English-Punjabi speakers from Bradford, Heselwood & McChrystal (1999) found that the Punjabi spoken in Bradford is undergoing change in terms of the collapse of the three VOT categories (prevoiced, short lag, long lag) into two by the loss of prevoicing in young speakers. The authors note that this phenomenon is not only due to the influence of the dominant majority language (English), but also due to the fact that prevoicing in obstruents is considered a marked feature. The change to short lag, which is less marked, involves relaxation of laryngeal tension, a phenomenon reported in linguistic change in other languages, e.g. Proto-Semitic to Arabic (Kenstowicz, 1994: 64; Heselwood, 1996: 32) .
At this point, it is important to re-examine the category 'short lag' that has been used through out the study as a label for the VOT values that were found for both English VOICED and Arabic VOICELESS stops. As was noticed at several stages of the data analysis (sections 7.1 and 7.3), most of the VOT values that were found for English /Ä Ç Ö/ are generally shorter than the values found for Arabic /é í â/. It is difficult to draw a line between the two sets of values due to the considerable overlap between the two distributions, but the results certainly call for a finer division of the VOT continuum when representing the place occupied by the stops in each language. For this reason, an attempt has been made in figure 8 to revise the schematic representation of the VOT continuum that was made in figure 1 and that suggested that English /Ä Ç Ö/ and Arabic /é í â/ occupy the same place along the continuum. The short lag region has been divided into two sections (including slight aspiration), and the English VOICED and Arabic VOICELESS stops now occupy slightly different places along this category. Of course, this representation is very simplistic when one considers the substantial overlap between the two categories. Further monolingual studies are needed using a greater number of subjects before sections that are specific to English and Arabic within the 'short lag' category can be more accurately defined. The preliminary results obtained so far are nonetheless valuable in terms of demonstrating the bilinguals' ability to acquire detailed language-specific temporal patterns in both languages. However, the fact that there is unavoidable overlap between the VOT values for English /Ä Ç Ö/ and Arabic /é í â/ supports the view that there is no simple binary pattern that the terms VOICED and VOICELESS imply and that perceptual decision about the voicing feature of a stop cannot be made on the basis of VOT alone (Docherty, 1992: 116; Klatt, 1975: 695) . Such an observation is also very important when judgements are being made about the bilinguals' ability to separate the two sets of stops in either language. So far, the discussion in this study has concentrated on the VOT patterns that were found for the stops in the two languages and on the implications they have on the bilinguals' acquisitional processes. What should be kept in mind, though, is that VOT is only one aspect of stop production that the children acquire for each language. The fact that there is overlap between the values for /Ä Ç Ö/ and /é í â/ produced by all subjects in this study even though the stops could still be distinguished through auditory analysis shows that there are other cues for the production/perception of stops that are part of what the child acquires for each language. In terms of distinguishing pairs of homorganic stops, a number of studies mentioned earlier have shown that there are other equally important acoustic cues that play a role. For instance, in English, Klatt (1975) suggests the use of five acoustic cues other than VOT for the perception of voicing, including low frequency energy in following vowels, burst loudness, fundamental frequency, segmental duration, and prevoicing (1975: 695) . In Arabic, Flege & Port (1981) found that, in addition to a VOT difference, the durations of the closure intervals of VOICELESS stops are significantly longer than those of their VOICED counterparts. Studies on bilinguals have shown that the experience of a bilingual upbringing can lead to the use of different strategies for the production/ perception of stops from those used by monolinguals without these strategies being perceptible to the native speakers. Moreover, it should not be assumed that the only purpose behind the child's mastering of VOT patterns in a given language is the acquisition of contrasts. While in English, children acquire three sets of minimal pairs for their stop series (/é Ä/, /í Ç/, and /â Ö/), in Lebanese Arabic, /í Ç/ and /í-Ç-/ are the only true minimal pairs if loan words are discarded, but children seem to learn the appropriate VOT patterns for the whole set, regardless of whether or not the stop has a VOICED/VOICELESS counterpart. Such difference between English and Arabic reduces the similarity that is drawn between the two sets of stops in the two languages and that is assumed to be a potential challenge for the bilingual child. Even when only /í/ and /Ç/ are considered, the similarity of the labels typically used in English and Arabic undermines important differences in the production/ perception of the two stops. Apart from their different VOT patterns, the two stops are alveolar in English and dental in Arabic, and they are associated with allophonic variations that are context-and accent-specific. While this study has only examined the stops in word-initial position, other contexts offer further evidence for the disparity between the acquisition of the two stops in each language. Such disparity makes it less likely for the English-Arabic bilingual child to acquire a similar VOT pattern for the two sets of stops in either language. Future studies are needed on the production/ perception of English-Arabic bilinguals in order to better understand how they process and master the two different phonetic repertoires.
Conclusion
In sum, the answers to the four questions that first triggered this investigation are that: i) The subjects have acquired separate VOT patterns for each of their languages. ii) Their production for each language is not the same as that of the monolingual subjects in the study, but more so with respect to their production in Arabic. iii) The patterns for the monolingual subjects in this study are the ones that are expected for each language, and they show a gradual progression towards adult patterns. iv) The bilingual subjects' production exhibits certain acquisitional features that are similar to those of the monolingual subjects and others that are due to their bilingual background, mainly to the input they receive in each language.
Mazen's drastic change in his production of VOICED Arabic stops offers many implications for both bilingual and monolingual language acquisition. First, it shows that input plays a crucial role in the acquisition of language-specific phonetic features, and that only extensive input at an early age can lead to a successful acquisition of complex features. Second, Mazen's acquisition of voicing lead proves that, when the two conditions of input and age are met, bilinguals will follow similar acquisitional patterns to those of monolinguals, or even 'catch up' with them. In the process of doing so, bilinguals will exhibit developmental patterns that are once more similar to monolingual ones, such as the use of short lag instead of voicing lead (Allen, 1985; Macken & Barton, 1979) , or the use of continuants preceding the stops in an attempt to acquire voicing lead (Macken & Barton, 1980; Allen, 1985) . Mazen's use of strategies that are similar to those used by monolinguals points to the necessity of looking for normal developmental processes in order to explain the speech patterns observed in bilinguals before resorting to explanations based on language interaction and interference. Such processes may be due to the articulatory difficulty associated with some gestures (in this case consonantal ones) that can delay children's acquisition of speech timing, regardless of whether they are monolingual or bilingual. Finally, Mazen's case shows that it is possible for a bilingual to have two completely independent phonological and phonetic systems, each identical to those of monolinguals, if they are provided with balanced input from each language. Alternatively, and in most cases, the bilingual may have two systems, but that differ in some way from those of monolinguals. Though instrumental measurement techniques allow close examination of the production of bilinguals and monolinguals and show differences between the two, impressionistic judgements of the bilinguals' production are often indistinguishable from those of the monolinguals. As Watson (1991: 45) suggests, the bilinguals may have the ability to 'economise' in their use of articulatory routines, in case such economy does not threaten either the satisfactory realisation of the two different systems or the identification of the bilingual with either of the language communities.
